In this paper, we propose a joint time-frequency splitting (TFS) strategy for a multiuser orthogonal frequency division multiplexing (OFDM) system with simultaneous wireless information and power transfer (SWIPT). In TFS, the time sharing factors for each user on different subcarriers are optimized via maximizing the sum rate of users with both information and energy quality of service (QoS) constraints. Though the original problem is nonconvex, we first transform it into an equivalent convex problem through an appropriate variable transformation. Then, we present an iterative algorithm based on semi closed form with low complexity. Numerical results show that the proposed TFS outperforms the conventional time-sharing and subcarrier-separation strategies.
I. INTRODUCTION
Recently, simultaneous wireless information and power transfer (SWIPT) has attracted much attention in academia [1] . Using this technology, users can simultaneously receive information and harvest energy in a wireless way. This distinguished advantage makes SWIPT a promising technology especially for wireless communications in extreme environment [2] , where energy charging is tough work. SWIPT can be utilized in many wireless systems, such as multipleinput multiple-output (MIMO) [3] , cooperative relay networks [4] , and orthogonal frequency division multiplexing (OFDM) [5] . In the area of Internet of Things, SWIPT can be of fundamental importance for energy supply and information exchange with numerous ultra-low power sensors [6] - [10] .
OFDM is a well designed technology for high-rate wireless communication [11] . However, the performance of the system is usually limited by available energy of devices. To further improve the performance, SWIPT has been applied in OFDM systems [5] , [12] - [16] . There are mainly two SWIPT strategies for OFDM applications, namely time sharing (TS) [5] and power splitting (PS) [12] . With the TS strategy, the received signal is either processed for energy harvesting or information decoding at a single time-duration [5] . With the PS strategy, the received signal is split into two parts by a power splitter, with one part for energy receiver and the other for information receiver simultaneously. In OFDM systems with PS, specific impacts of resource allocation on system throughput [13] , max-min fairness [14] and physical-layer security [15] - [17] were investigated. Considering both TS and PS, a hybrid TS/PS scheme was proposed in [18] for OFDM systems to securely transmit data and transfer energy to a legitimate receiving node.
Different from TS and PS, a subcarrier separation (SS) strategy was recently proposed in [19] , [20] . Information and power were transferred separately on different subcarriers in the SS strategy [19] , which was proven to outperform TS when more power is required to be transferred. To maximize the harvested energy, a joint subcarrier and power allocation problem was formulated for PS in [20] subject to the information decoding constraint. However, the performance of SS strategy can be further improved by jointly considering time and frequency splitting.
In order to achieve benefits from both time and frequency domains, we propose a joint time-frequency splitting (TFS) strategy, where the time sharing factors for each user among different subcarriers are adaptively optimized. In this paper, we investigate the optimal resource allocation and power control for SWIPT in a downlink multiuser OFDM system with the TFS strategy, which is different from our previous work in [21] focusing on the sum rate maximization problem in a downlink VLC system with SWIPT.
We aim at maximizing the sum rate of all users subject to both minimal rate requirements and minimal harvested power constraints. Due to different time factors for different subcarriers, a user can simultaneously receive information and harvest power separately on various subcarriers, which can be implemented by using band-pass filter based OFDM receiver [22] . The contributions of this paper are summarized as follows:
1) The sum rate maximization problem for the proposed TFS strategy is formulated. Although the original problem is nonconvex, the problem can be equivalently transformed into a convex one through an appropriate variable transformation. 2) By introducing a small positive constant to modify the objective function of the original problem, we successfully obtain the semi closed-form expressions of primal variables. We show that the gap of the optimal value between the modified problem and the original problem approaches zero as the introduced small positive constant approaches zero. 3) We propose a novel iterative resource allocation and power control algorithm based on semi closed form to obtain the optimal solution. Numerical results verify that the proposed TFS strategy outperforms the existing TS and SS strategies under various scenarios. This paper is organized as follows. In Section II, we introduce the system model and provide the formulation of sum transmission rate maximization problem. Section III provides the optimal condition, and proposes a semi closed form based efficient solution. The numerical results are displayed in Section IV and conclusions are finally drawn in Section V.
II. SYSTEM MODEL AND PROBLEM FORMULATION
Consider a downlink OFDM-based single-cell network over Rayleigh flat fading channels. In this network, there are K users and N subcarriers, denoted by sets K = {1, 2, · · · , K} and N = {1, 2, · · · , N }, respectively. Let g kn denote the channel gain of user k on subcarrier n, ∀k ∈ K, n ∈ N . In our proposed TFS strategy, each subcarrier can be shared by multiple users with time sharing, as shown in Fig. 1 .
Let m kn ∈ [0, 1] represent the time sharing factor of user k on subcarrier n. The achievable rate for information receiver of user k can be expressed as
where p kn is the power allocated to user k on subcarrier n, ∀k ∈ K, n ∈ N , B is the bandwidth of each subcarrier, and σ 2 is the noise power.
Letting ζ ∈ (0, 1] be the conversion efficiency of the energy harvesting process, the energy harvested by power receiver of user k on subcarrier n is ζ l∈K\{k} m ln T p ln g kn , where T is the energy harvesting time. Without loss of generality, we assume a normalized energy harvesting time T = 1 in the following. Hence, we can use both terms of energy and power interchangeably. In the proposed TFS strategy, each user can independently either harvest energy or receive information among different subcarriers. Thus, the total energy harvested by the power receiver of user k can be written as e k = ζ l∈K\{k} n∈N m ln p ln g kn .
(2)
It should be noted that in the considered system a user can harvest energy from some subcarriers while it receives information from other subcarriers at the same time moment as in [19] . Based on [22] , transferring information and power separately on different subcarriers is feasible and can be implemented by adapting band-pass filter based OFDMA receiver.
In order to maximize the sum rate while guaranteeing the information and energy quality of service (QoS) constraints, we can optimize the power allocation strategy over multiple subcarriers. The problem is formulated as:
where m m m = (m 11 , · · · , m K1 , · · · , m KN ) T , p p p = (p 11 , · · · , p K1 , · · · , p KN ) T , R k is the minimal transmission rate demand of user k, E k represents the minimal harvested energy of user k, and P max stands for the maximal average power of the base station. Constraints (3d) reflect the time sharing among different users, m kn is the allocated fraction of time for user k on subcarrier n to receive wireless information, while the rest time l∈K\{k} m ln is allocated to user k to harvest energy on subcarrier n. Note that the objective function of this paper is the sum rate maximization under the energy constraints of the users, which means the maximal rate of all users when the transmission energy of users merely comes from the harvested energy. Assume that the time sharing factors of all the subcarriers are the same for each user, i.e., m k1 = m k2 = · · · = m kN , ∀k ∈ K, problem (3) reduces to the rate maximization problem for TS strategy [5] . Accordingly, TS can be viewed as a special cases of the TFS strategy. In [5] , there was no closed-form expression for optimal solution and the rate maximization problem for TS strategy was solved by iteratively optimizing time sharing factor and transmission power. In the following, we transform problem (3) into an equivalent convex problem by an appropriate variable transformation, and obtain the semi closed-form expression of the optimal solution via solving a modified problem of the original rate maximization problem.
III. OPTIMAL SOLUTION
In this section, we first provide the optimal condition for problem (3) , and then propose an iterative algorithm based on semi closed form.
A. Optimal Condition
Problem (3) is nonconvex due to objective function (3a) and constraints (3b), (3c), (3e). Thus, we first reformulate problem (3) by introducing a set of new non-negative variables: q kn = m kn p kn , k = 1, · · · , K, n = 1, · · · , N . Then, problem (3) is equivalent to the following problem. 
where= (q 11 , · · · , q K1 , · · · , q KN ) T and C = B/(ln 2). Since (4) is convex. As a result, we can obtain the following lemma.
Lemma 1: The optimal (m m m * ,* ) of problem (4) satisfies k∈K m * kn = 1, ∀n ∈ N , and k∈K n∈N q * kn = P max . Proof: Assume that the optimal solution of (4) is (m m m * ,* ), where there exists at least one subcarrier n with k∈K m * kn < 1. Denoting r kn = m kn C ln 1 + g kn q kn σ 2 m kn , we have ∂r kn ∂m kn = C ln 1 + g kn q kn σ 2 m kn − Cg kn q kn g kn q kn + σ 2 m kn .
Define function f (x) = ln(1 + x) − x 1+x for x ≥ 0. From (5), we have ∂r kn ∂m kn = Cf ( g kn q kn σ 2 m kn ). Since
we can obtain f (x) > f (0) = 0, ∀x > 0. Then, ∂r kn ∂m kn > 0 and r kn is increasing for m kn > 0. Thus, the objective function (4a) can be further improved with an increment of m * kn , contradicting that the solution is optimal. If the optimal* of problem (4) strictly satisfies constraint k∈K n∈N q * kn < P max , the objective value (4a) can be improved with an small increasing of power q * kn . Hence, the conclusion is proved.
B. Semi Closed Form Based Efficient Solution
Because problem (4) is convex, the popular interior point method [23] - [32] can be used to obtain the globally optimal solution. However, the complexity of solving problem (4) is
Page 561] with the interior method from the following Section III-C, which is in general not efficient. Thus, we use the dual method with two steps to solve problem (4) with semi closed-form expression.
Assume that there exists one feasible solution (m m m,) of problem (4) such that minimal rate constraints (4b) hold with inequality for at least one k ∈ K. This assumption is reasonable, as otherwise we can easily obtain the optimal value of problem (4) as k∈K R k , which is trivial. Then, there exists k ∈ K such that r k > R k > 0. Without loss of generality, we assume that m k1 > 0. We reduce m k1
From the proof of Lemma 1, r l = n∈N r ln is increasing for m l1 > 0 and we can obtain r ′ l > r l ≥ R l , ∀l = k. Thus, the Slater's condition is satisfied with new feasible solution (m m m ′ ,) and the strong duality holds [23, Page 265], which demonstrates that the dual method yields the optimal solution to the primal problem in (4). Consequently, according to the dual theory [33] , the optimal value of primal variables can be obtained by iteratively optimizing primal variables with given dual variables and updating dual variables with fixed primal variables.
In the first step, the primal variables are optimized with given dual variables. To optimize the primal variables, we use the dual method. The Lagrangian function of problem (4) is given by
where α α α = (α 1 , · · · , α K ) T , β β β = (β 1 , · · · , β K ) T and γ γ γ = (γ 1 , · · · , γ N ) T . α α α, β β β, γ γ γ and λ are non-negative dual variables associated with corresponding constraints of problem (4).
According to [23, Page 267] , the optimal solution should satisfy:
∂L ∂q kn = (1+α k )Cg kn m kn σ 2 m kn +g kn q kn + l∈K\{k} β l ζg ln −λ = 0. (8)
Since the above two first-order equations are about the function of q kn m kn , only q kn m kn can be displayed in closed form. As a result, the values of m kn and q kn cannot be uniquely calculated from (7) and (8) . Heuristically, one can obtain the value of m kn and q kn by iteratively updating closed-form expression of q kn with fixed m kn and closed-form formulation of m kn with given q kn . By using this iterative mechanism, additional number of iterations is needed, which could increase the complexity of the algorithm. In the following, we further characterize the semi closed-form expressions of m kn and q kn without additional number of iterations by modifying the objective function (4a) of problem (4) .
With a small positive constant X, the objective function (4a) is modified as max m m m,k∈K n∈N
Since X k∈K n∈N √ m kn ≤ KN X, the upper-bound of the optimal-value gap between the modified optimization problem in (9) with constraints (4b)-(4f) and the original problem in (4) is KN X. Hence, the optimal solution of modified problem with objection function (9) and constraints (4b)-(4f) is approximately the same as the optimal solution of original problem (4) if constant X is sufficiently small. There are two benefits of using square root in (9) . The first benefit is that square root is a concave function, which ensures that the modified optimization problem in (9) with constraints (4b)-(4f) is a convex problem. The second benefit is that the modified optimization problem in (9) with constraints (4b)-(4f) yields semi closed-form expressions of m kn and q kn .
With new objective function (9), the optimal condition (7) should be modified as
From (8), we can obtain
where [x] + denotes max{x, 0}. Substituting (11) into (10), we are now able to obtain the unique solution to m kn as
where Ξ = −2(1 + α k )C ln (1+α k )Cg kn σ 2 (λ− l∈K\{k} β l ζg ln ) + 2(1 + α k )C 1 − σ 2 (λ− l∈K\{k} β l ζg ln ) (1+α k )Cg kn + 2γ n , x| 1 0 = max{0, min{x, 1}}, shown at the top of the next page. Combing (12) and (11), we can easily have the unique value of q kn in closed form.
In the second step, we update the dual variables with the primal variables optimized in the previous step. By exploiting the gradient based method in [33] , the new values of the dual variables are updated by
where θ(t) > 0 is a dynamically chosen stepsize. A typical selection of θ(t) can be found in [33, Page 295] . As a result, the semi closed form based (SCFB) algorithm to obtain the optimal solution of problem (4) is given in Algorithm 1.
Algorithm 1 : Semi Closed Form Based (SCFB) Algorithm 1: Initialize α α α(0), β β β(0), γ γ γ(0), λ(0), and the iteration number t = 0. 2: With given α α α(t), β β β(t), γ γ γ(t), λ(t), update m m m(t) and(t) based on (12) and (11), respectively. 3: With given m m m(t) and(t), update α α α(t + 1), β β β(t + 1), γ γ γ(t + 1), λ(t + 1) based on (13), (14) , (15) and (16), respectively. 4: If the objective function (9) converges, terminate. Otherwise, set t = t + 1 and go to step 2.
C. Complexity Analysis
By exploiting the SCFB algorithm, sum rate maximization problem (4) can be effectively solved with globally optimal solution. By using the standard interior point method, the complexity of solving problem (4) is O(K 3 N 3 ) [23, Page 487, 569] due to the fact that the dimension of the variables in problem (4) is 2KN . For SCFB, the main complexity lies in obtaining time factor m m m and power vector. To compute m kn by using (12) , the complexity is O(K). The complexity of solving q kn from (12) and (11) is O(K). Thus, the total complexity of SCFB is O(LK 2 N ), where L is the total number of iterations of the proposed SCFB. From Fig. 2 in Section IV, the value of total number of iterations is about 20. Compared with the interior point method, we observe that the proposed algorithm has a much lower order of complexity.
D. Practical Implementation
For the proposed TFS scheme, each user needs to upload the channel state information on each subcarrier to the base station via backhaul channel. Based on the received channel state information, the base station performs the SCFB algorithm to obtain the optimal time sharing factor and power control. The optimal optimal time sharing strategy is broadcasted to all users. The base station simultaneously transfers wireless information and power according to the optimal power control strategy on different subcarriers, and each user performs energy harvesting and information receiving on each subcarrier by adapting band-pass filter based OFDMA receiver [22] .
IV. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed TFS scheme. The number of subcarriers is N = 15. The number of uses, K, is tested from 3 to 8. The bandwidth of each subcarrier is B = 10 MHz, and the noise power is σ 2 = −174 dBm/Hz. We set the maximal average power of the base station as P max = 17 dBm. The energy harvesting time T = 1 s, and the conversion efficiency of the energy harvesting process is ζ = 0.2. We assume equal minimal harvested power, i.e., E k = E, ∀k ∈ K. The minimal rate requirement is 5 Mbps for each user. Moreover, the path loss model is 128.1 + 37.6 log 10 d (d is in km) and the standard deviation of shadow fading is 4 dB [34] .
We first investigate the convergence behavior of the proposed algorithm. Fig. 2 illustrates the sum rate versus the number of iterations of the proposed algorithm under different values of parameter X. It can be seen that the sum rate increases with the number of iterations and the convergent value with smaller X is greater than with larger X. Note that convergence number is pretty small compared to KN 2 = 900, which validates that the proposed algorithm has a lower complexity than the interior method according to Section III-C. When X = 10 −3 , the upper-bound of the optimalvalue gap between the modified optimization problem in (9) with constraints (4b)-(4f) and the original problem in (4) is KN X = 0.06. Since the constant X in (9) affects the convergence speed and the optimal performance gap, the value X = 10 −3 is carefully selected in the following simulations as a good trade-off between the convergence speed and the optimal performance gap.
We compare the proposed TFS strategy with the TS strategy proposed in [5] , where the received signal is either processed for energy harvesting or information decoding at each time, and the suboptimal SS strategy proposed in [19] , where information and power are transferred separately on different subcarriers. Fig. 3 illustrates the sum rate comparison with different strategies of minimal required harvested power. It is observed that the proposed TFS strategy outperforms the existing strategies, especially when the minimal harvested power is not too large. This is because TS can be viewed as a special case of TFS and the feasible set of TFS is larger than that of TS, while the sum rate problem for SS is mixed integer programming problem and one practical suboptimal solution is provided [19] . For all the three strategies, sum rate decreases with the minimum required harvested power, which is due to the fact that larger required harvested power means less power is left for transforming information.
The sum rate comparison with different numbers of users is presented in Fig. 4 . It is observed that the sum rate increases as the number of users increases for all strategies, and the rate tends to be saturated for TS when the number of users is large. This is because the increase of users can increase the total energy harvested by all users, which results in large transmission power and high sum rate. It can be also found that the TFS is superior over TS and SS.
Computational complexity comparison is shown in Fig. 5 , where "TFS-SCFB" refers to the time-frequency splitting strategy with the proposed semi closed form based algorithm, and "TFS-interior point method" refers to the time-frequency splitting strategy with the interior point method. We can see that the TFS-SCFB has a lower complexity than the TFS-interior point method. The SS scheme yields the lowest complexity among the four algorithms, since only suboptimal solution is found [19] . Fig. 6 illustrates the rate of each user. Combing Fig. 3 and Fig. 6 , it is interesting to observe that the proposed TFS not only achieves the highest sum rate but also yields best rate fairness among all comparing schemes.
V. CONCLUSION In this paper, we propose a joint TFS strategy for multiuser SWIPT OFDM networks. We investigate the sum rate maximization problem subject to both information and energy QoS constraints. We first transform the original nonconvex problem into an equivalent convex problem and then propose a lowcomplexity algorithm to obtain the globally optimal solution. Numerical results show that the proposed TFS strategy yields higher sum rate than the existing TS and SS strategies. 
